Post-transplant immunosuppression has reduced the incidence of T cell-mediated acute rejection, yet long-term cardiac graft survival rates remain a challenge. An important determinant of chronic solid organ allograft complication is accelerated vascular disease of the transplanted graft. In the case of cardiac allograft vasculopathy (CAV), the precise cellular etiology remains inadequately understood; however, histologic evidence hints at the accumulation and activation of innate phagocytes as a causal contributing factor. This includes monocytes, macrophages, and immature dendritic cell subsets. In addition to crosstalk with adaptive T and B immune cells, myeloid phagocytes secrete paracrine signals that directly activate fibroblasts and vascular smooth muscle cells, both of which contribute to fibrous intimal thickening. Though maladaptive phagocyte functions may promote CAV, directed modulation of myeloid cell function, at the molecular level, holds promise for tolerance and prolonged cardiac graft function.
Introduction
Clinical significance and introduction to innate immune cells during chronic heart rejection Cardiac transplantation is now a well-established and accepted therapy for end-stage heart failure for patients of all ages. Numerous clinical advances have reduced acute organ transplant rejection. Beyond 1 year, however, immunologic-related complications are significant and morbid. Due to the chronic need for pharmacologic immunosuppression, or the side effects of these drugs, patients are at risk for opportunistic infections, oncologic, hematologic [78] , metabolic, and nephrotoxic side effects [42] . Moreover, current broad-spectrum immunosuppressive approaches do not adequately prevent cardiac allograft vasculopathy (CAV). This phenomenon resembles an accelerated form of coronary artery disease [55] with similar non-resolving inflammation and eventual chronic or acute insufficiency of coronary blood flow. A result is both cardiomyocyte injury and predisposition to sudden cardiac events. Indeed, CAV is a major indication for retransplantation.
Unfortunately, current imaging technology and diagnostic modalities lack the ability to consistently detect at-risk and early signs of CAV. This includes invasive testing such as routine angiography, which is considered a Bgold standardf or atherosclerotic coronary disease. Intravascular ultrasonography (IVUS), though more sensitive, can only evaluate larger, more proximal regions of coronary arterial arborization. IVUS is also not suitable for infants and many smaller patients due to the catheter dimensions. This difficulty with the diagnosis of early CAV is particularly problematic, as it is estimated that nearly one third of patients develop CAV within 5 years of transplant [10] . Earlier detection of CAV is therefore a significant focus of ongoing research. As it is recognized that this pathologic process is initiated well before clinical symptoms, one avenue of investigation is to look at the innate immune cell Bsignatures^for correlation with CAV [6] . The early identification of the immunologic activation instigating and perpetuating CAV requires an understanding of the cellular mechanisms underlying this pathologic process. This review will serve as an introduction to these mechanisms, especially those involving innate pathways.
While much of the past clinical and research activity in transplant immunology has focused on adaptive immunity, including the T cell response and donor-reactive antibodies, an increasing body of evidence implicates immune cells that are traditionally associated with the innate immune response. For example, in some patients, chronic allograft rejection is not correlated with detectable circulating alloantibodies [80] . In addition, donor-reactive antibodies are rarely detected after minor antigen-mismatched transplants, which may act through Batf3-transcription factor-dependent dendritic cells, to promote rejection [3] . Consistent with this point, experimental mice that are deficient for antibodies, but not B lymphoid cells, can still mount a chronic allograft vasculopathy response [86] . In the case of innate myeloid immune cells, macrophages may act as culprits in a wide spectrum of progressive and nonresolving diseases of chronic inflammation [60] . This may occur through the secretion of pro-inflammatory cytokines and growth factors that are induced independent of T cell or B cell alloreactivity [80] . A causal role for macrophages in fulminant allograft vasculopathy was suggested in early studies by experimental macrophage depletion [39] . Interpretation of data from depletion strategies such as this, though inventive at the time, should be cautious, as many depletion strategies utilizing chemical toxins may not be cell-subset specific and could also induce inflammation in their own right.
The contribution of phagocytes to acute cardiac allograft rejection While the incidence of perioperative and acute rejection is relatively low, these events still occur and contribute to significant morbidity and even mortality. Contributing leukocytes include endogenous memory T cells that cross-react with donor major histocompatibility complex (MHC) molecules to promote acute rejection [77] . This is facilitated by suboptimal allograft cold ischemia, which also may activate innate immune cells. In humans, accumulation of intra-graft macrophage subsets has been directly correlated with acute allograft rejection, even in the setting of immunosuppression [57] . An initial event in acute graft inflammation is the recruitment of recipient monocytes, some of which may be derived from spleen [29] , and infiltrate via donor endothelial integrin molecules. Integrin ligands play significant roles in this process as their deficiency attenuates allograft rejection [75] . After transplant-associated ischemia-reperfusion injury, release of injury-associated molecules, including the antioxidant protein haptoglobin, are causally linked to the recruitment of dendritic cells to the graft; this includes a heightened anti-donor T cell response, and eventually rejection [74] . Along these lines, targeted depletion of infiltrating dendritic cells reduces T cell proliferation, leading to significantly prolonged organ survival [88] . As eluded above, perioperative allograft inflammation may further be linked to the duration of solid organ cold ischemia, and therefore chronic rejection. Interestingly, donor brain death can exacerbate ischemia/reperfusion injury in transplanted mouse hearts, in what appears to be a complement-mediated fashion [4] . This may be associated with an immunologic priming of the donor organ and has been ameliorated with complement inhibition. In addition to recipient depots of inflammatory cells, tissue allografts may carry resident Bpassenger^immune cells, derived from the donor, which in turn hold the potential to become activated and also contribute to graft inflammation. For example, monocytes of the non-classical subset, and retained from donor grafts, appear to play a role in recruiting neutrophils to promote allograft dysfunction [87] . In this light, resident cardiac macrophages have been shown to promote neutrophil recruitment to the heart under ischemic stress [47] . Depletion of neutrophils has the potential to prolong graft survival in association with reduced T cell infiltration. This was observed after adoptive transfer of alloantigen-primed T cells, where grafts of animals treated with depleting antibodies for neutrophils exhibited a delay in T cell infiltration, relative to control [20] . Consistent with these activated phagocyte signatures, non-invasive detectors of allograft rejection employ molecular imaging reporters to detect phagocytic or protease activity [12] . Thus, perioperative and acute events have been associated with chronic rejection and could serve as early indicators of later susceptibility to graft complications.
Roles for hypoxia in the acute setting Though postprocurement continuous perfusion transport devices are being evaluated, cold ischemia is still utilized for the vast majority of cardiac transplants. Prolonged graft ischemia during preservation and ischemia-reperfusion injury activates the hypoxiainducible factor (HIF) pathway in both rodent and human cardiac transplantation [24, 37] . The activated HIF consists of an oxygen-sensitive α subunit (HIF-1α or HIF-2α) and a constitutively expressed β subunit (HIF-1β). Accumulation of HIF-1α, for example in kidney allografts after reperfusion, was associated with earlier recovery of graft function in humans [63] . Under normoxic conditions, HIFα subunits are hydroxylated by oxygen-dependent prolyl hydroxylases (PHDs) leading to their ubiquitination and subsequent degradation. Pharmacological activation of HIF-1α without immunosuppression in the recipient, but not the donor heart, enhanced allograft survival [38] . Given the current data, a case may be made that activation of HIF in the immune cells of the recipient may lead to allograft tolerance. Further evidence of this stems from investigations in which loss of HIF-1α in myeloid cells accelerated rejection of tracheal allografts [67] . While there are limited studies on HIF-1α following heart transplantation, there has yet to be a study investigating a potential role for HIF-2α, which may exhibit nonoverlapping function relative to HIF-1α [33] . Importantly, HIFs have been shown to be regulated by both mammalian target of rapamycin (mTOR) and calcineurin [31, 49] , which are targets of current immunosuppressive drugs, indicating that the cardioprotective effects of HIFs may be compromised by chronic immunosuppression.
Acute alloimmune triggers That vasculopathy predominantly affects donor arteries and not those of the recipient, is consistent with an alloimmune trigger and specificity. As introduced before, during surgery-associated inflammation, liberation of intracellular proteins, or so-called danger signals, leads to activation of the innate immune response. Although this response may not be sufficient in and of itself to completely trigger alloimmunity, these molecular events may lessen the activation threshold for alloimmune responsiveness. Relative to syngeneic hearts, and in the acute setting, allogenic heart transplants have been shown to exhibit heightened infiltration of monocytederived dendritic cells. For example, while studying immunocompromised recipients during allogeneic versus syngeneic cardiac transplant, investigators described persistent maturation of monocytes into antigen-presenting cells, and this occurred primarily in allogenic transplants. Although acute inflammation and maturation of monocyte-derived dendritic cells was still observed in syngeneic transplants, this response was undetectable weeks later and unable to induce inflammatory IFN-γ [61] . Circulating monocytes themselves may also contribute to the mounting of an adaptive immune response, for example after engulfing dead cells and indirect cross-presentation of cellassociated antigens [41] . In some cases, macrophages may act similar to natural killer (NK) cells to engage in an allospecific response with the help of CD4 + T cells and through costimulatory CD40/CD40L interactions [48] .
Molecular mechanisms of innate allorecognition and the CD47/Sirp-α pathway Even in the absence of T, B, and NK cells, experimental rodents respond uniquely to allogenic nonself [61] . Using recombination activating genes/Rag-deficient mice, which lack adaptive immune response B and T cells, investigators demonstrated that innate immune cells are capable of distinguishing allogeneic from syngeneic antigen, mounting an immune response in allogenic transplant [85] . Recent elegant positional cloning efforts identified donor factor SIRPα, or donor signal regulatory protein-α, to be recognized by recipient monocyte CD47 [17] . That is, polymorphisms of allograft SIRPα can promote activation of recipient phagocytes through modulation of recipient phagocyte CD47 signaling. It is important to note that MHC-II mismatch was not found to be the underlying mechanism of innate immune cell allorecognition, as donor mice with identical MHC-II alleles elicited divergent responses. Instead, allorecognition was facilitated by polymorphisms in SIRPα, which also acts as an important regulator of macrophage phagocytosis, and shown to regulate interactions with its ligand CD47 [17] . In the case of cross-species xenotransplantation, engagement of recipient phagocyte SIRP-α to donor CD47 (similar to during phagocytosis) regulates engraftment survival. Thus, CD47-SIRPα interactions are species specific and CD47/SIRPα incompatibility between species drives macrophage-associated rejection. In fact, soluble human CD47-Fc fusion proteins inhibit the phagocytic activity of human macrophages toward xenografts [32] . Moreover, earlier studies documented roles for CD47 on apoptotic self-cells, through SIRPα on host phagocytes. Specifically, CD47 on viable cells acts as a Bdon't eat me^signal. As evidence for this, transplantation of Cd47-deficient cells into wild-type experimental animals leads to a failure to engraft the host. This is because graft cells lacking CD47 are cleared from wild-type hosts, due to phagocytosis. Continuing the example of non-self-cells, as above, tumor cells take advantage of the Bdon't eat me^role of CD47 and elevate CD47 levels to increase their Bselfnessâ nd protect themselves from innate and adaptive immunity. Other studies have examined the SIRPα-CD47 axis in transplant. Administration of anti-CD47 monoclonal antibodies into harvested livers or kidneys suppressed ischemia-reperfusion injury and improved survival of animals receiving the treated organs [84] . On the therapeutic front, and given that SIRPα-CD47 interactions pose an impediment to allotransplantion and xenotransplantation, forthcoming strategies may include the development of humanized CD47 blocking monoclonal antibodies. Also in principle, soluble SIRPα could act as competitive inhibitors by blocking endogenous CD47. Though most studies have examined cancer, more studies are needed with allografts. Finally, the natural ligand of CD47 is TSP-1. Interestingly, blockade of the CD47 thrompospopndin-1 axis, prevents necrosis of full-thickness skin grafts [34] . It is unclear the role of natural TSP-1 in allograft rejection, and this deserves future study. Forthcoming studies may reveal other molecules involved in allorecognition.
Contribution of phagocytes to tolerance through efferocytosis In the absence of alloantigen, macrophages naturally promote immune tolerance billions of times each day, per person, at steady state [2] . This tolerogenic property is stimulated by the regular turnover of apoptotic cells by the process of efferocytosis [81] , or the phagocytic clearance of apoptotic cells. Efferocytosis promotes active signal transduction that modulates inflammation, without which may lead to autoimmune syndromes [58] . In the case of transplant, previous studies have shown that injection of apoptotic donor cells can tolerize the recipient immune system in a donorspecific manner [52, 56] . One rationale for the therapeutic potential of this approach stems from this understanding of the body's daily non-phlogistic clearance during efferocytosis [2, 28, 50] . Harnessing innate potential for therapeutic transplantation may take advantage of pre-evolved immunosuppressive properties of apoptotic cells (Fig. 1) . While this approach has recently shown efficacy in a phase I/IIa clinical trial for GVHD prophylaxis in patients receiving HLAmatched allogeneic bone marrow [54] , it has not yet been successfully applied to HLA-mismatched allogeneic organ and/or tissue transplantation for tolerance induction. Interestingly, recent studies show that CD36, a key phagocytic receptor, is highly expressed on CD8α+ dendritic cells (DCs) and mediates transfer of self-antigen from thymic endothelial cells to DCs to promote tolerance [64] . Given that phagocytes are an early point of encounter between host and infused apoptotic donor cells [56] , a precise understanding of these interactions will significantly enhance our ability to manipulate efferocytic machinery for therapeutic tolerance induction.
Non-efferocytic tolerance mechanisms by phagocytes and myeloid derived suppressor subsets Although evidence for myeloid suppression of T cell immunity to allografts has been reproduced by multiple groups [18] [23], the underlying mechanisms and specific identity of the casual cell populations remain unclear. Multiple reports have provided evidence that CD11b+ Gr-1 mononuclear cells exhibit immune-suppressive function [7] . However, this definition encompasses a broad swath of potential cell subsets. In one experimental scenario, recipient monocytic CD11b+CD115+Gr1+ cells were found to be necessary for the induction of tolerance by costimulatory blockade with CD40L-specific mAbs [23] . In this experimental scenario, Gr1+ monocytes migrated from the bone marrow into the transplanted organ, where they prevented the initiation of adaptive immune responses that lead to allograft rejection. In another scenario, DC-SIGN+ macrophages were shown to promote tolerance by suppression of CD8+ T cell proliferation and T regulatory cell expansion. This was mediated in part by fucosylated ligands and TLR4 signaling [15] . Similarly, macrophage-specific ablation of regulators of macrophage polarization, in this case mTOR, abrogated chronic rejection and was also associated with expansion of FOXP3+ T cells. These investigators implicated the upregulation of PD-L1, which acts to silence the T cell response, as the major contributor to longterm graft survival [91] . On the other hand, DCs have been shown to exhibit an interesting divergent role in early rejection versus allograft tolerance. Notably, in the acute stage, DCs from donor allografts rapidly (within hours) migrated to secondary lymphoid tissues of recipients. In a model of full MHCII mismatch, where donor hearts were deficient for the chemokine receptor Cx3cr1, fewer DCs accumulated, which prolonged transplant survival, in the absence of immunosuppression [92] . This effect was not observed when recipients received co-stimulatory blockade treatment (MR1 or CTLA4-Ig), as the absence of donor dendritic cells resulted in enhanced chronic inflammation and vasculopathy. These findings reinforced earlier literature describing MHCII-deficient animals in which blocking of CD4 signaling led to inefficient costimulatory blockade [93] . One explanation for these findings is that tolerance-promoting DCs triggered the generation of Tregulatory cells. Taken together, these implicated multi-modal and subset-specific contributions of phagocyte subsets necessitates more nuanced cellular targeting and the consideration of specific therapeutic windows.
Direct mechanisms of CAV by phagocytes.
Although facilitators of cardiac allograft vasculopathy may be a consequence of subclinical and allospecific stimulation that Tolerogenic macrophage function may be stimulated by injection of donor-derived ACs, such as ECDI-SPs (see text), and may induce unique signaling downstream of apoptotic cell receptors are set in motion early after cardiac transplant, CAV is not solely a delayed manifestation of acute triggers. Rather, activation events that occur after the first year of transplant can directly fuel the progression of CAV. Strategies that aim to modulate such non-acute innate immune reactivity may be clinically relevant as early as 5 years post-transplant, when overt signs of CAV are often detectable [10] . In reality, the subclinical genesis of transplant coronary artery disease may arise much earlier; early detection might be revealed in the circulation, in the form of an activated profile of blood monocyte subsets [94, 95] . Despite the clinical significance of CAV to cardiac allograft rejection, the underlying cellular and molecular mechanisms remain less defined in comparison to the immunology of acute graft rejection. During CAV, increasing evidence implicates cross-talk between innate immune cells, vascular smooth muscle cells, and fibroblasts (Fig. 2) . This multifaceted cellular interplay is at the center of adverse tissue remodeling and ultimate graft failure, as discussed below.
Phagocyte crosstalk with VSMCs, fibroblasts, and endothelial cells One of the cardinal features of CAV is concentric vascular thickening leading to luminal narrowing and impaired vascular function. This is characterized by proliferation of vascular smooth muscle cells (VSMCs), which may also represent a response to chronic inflammation [101] . Although graft SMCs comprise the majority of the expanded myointima, other cell types, including host B cells, memory T cells, and intra-graft subendothelial leukocytes, are also found, hinting at molecular crosstalk [73] . These immune cell collections may share residence within inflammation-associated elementary tertiary lymphoid nodules [82] and precede clinical indications of graft dysfunction. The arteriosclerosis pathology of CAValso shares many features with the maturation of atherosclerosis, which similarly triggers the recruitment and proliferation of VSMCs, as well as the secretion of extracellular matrix proteins [101] . Risk factors of atherosclerosis, including hyperlipidemia, also exacerbate transplant lesions, and lipid accumulation in allograft arteries may be found [71] . Nonetheless, atherosclerosis and CAV are distinct in their etiology, maturation, and at the cell and molecular level [101] . Besides the accelerated kinetics of disease progression in CAV, a key difference is the VSMC, which unlike macrophage-rich atherosclerotic plaque, is the dominant cell in transplant arteriosclerosis. VSMC proliferation is a key determinant of CAV progression, and inhibiting SMC proliferation may act to delay disease progression. For example, platelet-derived growth factor (PDGF) is a cytokine capable of activating VSMC proliferation, and its blockade greatly reduces transplant vasculopathy [51] . Evidence for PDGF expression may be found in mononuclear inflammatory cells during experimental cardiac transplant [44] . In addition to VSMC proliferation, VSMC migration contributes to vascular remodeling, which also requires permissive matrix remodeling to accommodate neointimal expansion. Phagocytes produce matrix metallo-proteinases, including their cognate inhibitors, to regulate the turnover of extracellular matrix [22, 101] . VSMCs may further act in a reciprocal fashion to affect phagocyte biology. For example, binding interactions between monocytes and VSMCs could contribute to subendothelial monocyte retention and a mechanism that perpetuates inflammation [8] . Another outstanding feature of late-stage CAV is graft fibrosis [13] . Macrophages have been found in close proximity to collagen-producing myofibroblasts in allografts, where they may secrete chemokines that recruit fibroblasts, and other soluble factors including TGF-beta and PDGF, which also are fibroblast-activating [13] . In the case of endothelial cells, inflammation is linked to microvascular endothelial dysfunction and injury. adhesion. Interestingly, mechanistic target of rapamycin (mTOR) inhibitors, which can attenuate allograft vasculopathy, also blocked ICAM clustering and monocyte adhesion [69] .
Potential contributions of defective efferocytosis in the chronic allograft milieu Chronic allograft inflammation is a type of non-resolving inflammation, which may be characterized by heightened cellular turnover. When combined with inefficiencies of cell clearance, for example by defective efferocytosis [79] , this then leads to an environment that perpetuates chronic inflammation. At the molecular level, there are a number of candidate scenarios that could contribute to impaired efferocytosis in CAV. For example, inflammatory-induced destruction of the efferocytosis receptor MERTK has been associated with delayed inflammation resolution. In this context, expression of growth arrest-specific gene 6, a ligand of MERTK, has been connected with dysfunctional human renal allografts [101] . Defective efferocytosis prevents active inflammation resolution, including the failure to generate specialized pro-resolving mediators [102] [103] [104] . This is important as endogenous pro-resolving mediators, lipoxin A4 and resolving E1, have been shown to preserve organ function in allograft rejection [46] . Although one article suggested that inhibition of macrophage phagocytosis alone, with gadolinium, failed to prevent CAV [39] , additional independent validation tests of the significance of efferocytosis to CAV remain to be investigated. Interestingly, recent data suggest divergence in expression pattern and activation states of MERTK and structurally homologous receptor AXL, on macrophages. Contrary to the pro-resolving profile of MERTK, AXL expression was markedly increased in association with proinflammatory stimuli [105] . Such specificity of action raises many questions as to the underlying mechanisms of dichotomous control that these tyrosine kinases may play during chronic transplant inflammation.
Additional notable molecular mediators of CAV and phagocyte function Allograft inflammatory factor-1, as its name implies, has been implicated in transplant inflammation. The expression of AIF-1 correlates with inflammation, cardiac rejection, and CAV [5, 76] . Specifically, graft-infiltrating macrophages express heightened levels of AIF-1, leading to direct cellular crosstalk and activation of VSMC migration through enhanced cytoskeletal activation [106] . An interesting cytokine factor is IL-34. IL-34 is linked to regulation of macrophage function and allograft rejection. IL-34 shares functional similarity with M-CSF in that it can signal via the M-CSF receptor [107] . The extent of this mechanistic overlap is not clear; however, recent evidence suggests that like M-CSF, the effect of IL-34 on macrophage polarization trends toward a pro-resolving phenotype, associated with heightened levels of IL-10 production [108] . Another interleukin of interest is IL-33, a member of the IL-1 cytokine family. Toll-like receptor signaling can stimulate IL-33 expression, particularly in immune cells (macrophages and DCs). An alarmin, IL-33 is released in its active form from necrotic cells. Its cognate receptor, ST2, has long been implicated in inflammatory and autoimmune processes and is a marker of rejection [109] . IL-33 administration alters the immune cell repertoire in the graft, not only limiting T cell infiltration, but also promoting expansion of regulatory T cells [110] . Finally, and in humans, components of the hypoxiaresponsive pathway have also been linked to chronic vasculopathy. For example, prolyl hydroxylase/PHD expression was increased during heart failure and also correlated with progressive reduction in HIF-1α, as well as the onset of fibrosis in cardiac allografts [24, 89] . Moreover, adenovirus-mediated HIF-1α overexpression in cardiomyocytes attenuated vasculopathy and promoted allograft survival in heart allografts [35, 36] . Such findings support the contention that HIFs may have a protective role in the human allograft; however, it will be important to tease out differences between HIF expression in myocytes, versus other cell types, including immune cells.
Cardiac lymphatics, inflammation, and CAV Recent findings have implicated a role for lymphatics in CAV. This is significant from an inflammation perspective as lymph in general is an important conduit of inflammation resolution and antigen trafficking [111] . After heart transplant, chronic rejection of allografts is associated with increased lymphatic flow and cellular trafficking. Sufficient revascularization of transplanted organs is critical to successful outcomes. Re-establishment of lymphatic flow in organ transplant is subsequently important for tissue fluid hemostasis. Until recently, little was understood on the importance and origin of neo-lymphatics in grafted organs. In a recent study, investigators used non-invasive imaging techniques such as SPECT to measure the lymphatic flow index (LFI) after experimental mouse heterotopic heart transplant. Significant correlation was observed between heightened and sustained lymphatic flow in allogeneic hearts versus syngeneic controls. Interestingly, early measurements of LFI (after 1 week) were significantly greater in syngeneic hearts [112] . Such observations suggest a temporal regulation of lymphangiogensis that is defective with allograft vasculopathy and may be targeted for therapy. Taking advantage of these concepts, separate studies employed soluble VEGFR3 and blocking antibodies to inhibit VEGF-C/VEGFR3 signaling, thereby preventing lymphatic endothelial cell (LEC) stimulation. LECs produce CCL21, a chemoattractant of DCs, and this approach additionally limited DC recruitment, altogether improving graft survival [36] . While both of these studies point out that the majority of neolymphatic vessels were indeed donor derived, the underlying signaling mechanisms are still incompletely defined. In the case of immune cells, phagocytes may be significant contributors to lymphatic growth [113] . For example, phagocytes may secrete VEGF-C to promote LEC branching and proliferation. Examples of this mechanism have been found in various pathological conditions such as IBS and cancer [16] [72] . Additional suggestive evidence comes after clodronate macrophage depletion studies in corneal transplant, which was observed to inhibit lymphangiogenesis. Remarkably, macrophages themselves may transdifferentiate into LECs [26] . Morevover, as antigen-presenting cells, phagocytes utilize lymphatics to deliver alloantigen to lymph nodes, where additional cellular crosstalk may occur with T cell subsets to regulate arms of adaptive immunity [62] . While enhanced lymphangiogensis during transplant is associated with poorer outcomes, other pathologies of sterile inflammation, such as myocardial infarction, suggest a protective role of lymphatics [27, 40] . Overall, the efficacious therapeutic targeting of lymphatics to affect inflammation and CAV remains an open question.
Phagocytes, B cells, and basophils during CAV Interplay between innate immune cells and B cells may contribute to antibody-mediated rejection [11] . Episodes of graft inflammation that are associated with alloantibodies contribute to early and late graft rejection, and this is in part mediated by the fixation of complement that leads to graft injury [14] . Antibody Fc receptors on macrophages are triggered by alloantibodies, leading to macrophage pro-inflammatory activation. Independent of antibody secretion, B cells also regulate innate immunity. This includes triggering the mobilization of monocytes to the heart [90] . Innate immune cells communicate with B cells to modulate their activation, differentiation, and cell survival, and these interactions have the potential to act in shorter duration relative to with T cell-dependent help [9] . Phagocyte crosstalk also occurs with basophils, which are implicated in CAV. Basophils trigger fibroblast activation during cardiac allograft fibrosis, and depletion of basophils markedly reduces the presence of interstitial α-smooth muscle actin, as well as collagen deposition [70] . In this example, grafts deficient in the cytokine receptor for IL4 exhibited decreased extracellular matrix deposition; basophil depletion did not further enhance this effect, implicating IL-4 as a key regulator of fibrosis on donor tissue. Lastly, basophils drive the differentiation of inflammatory monocytes into alternatively activated macrophages [19] , which could further fuel fibrotic scarring.
Other potential relationships between phagocytes and CAV Hyperglycemia, insulin resistance, the presence of baseline coronary artery disease in the graft donor or recipient, a donor history of hypertension, and increasing donor age may all contribute to CAV [59] . Hyperlipidemia frequently occurs after heart transplantation in association with immunosuppressive treatment [68] . Elevated circulating lipids fuel systemic inflammation, including in heart [66] , and heart-transplant patients who receive statins exhibit reduced CAV [83] . Perturbations in metabolism, including from the microbiome [53] may perpetuate systemic inflammation, biasing macrophage polarization and increasing inflammatory cytokine production. Cytomegalovirus (CMV) seropositivity is also implicated in CAV [65] , as well as immune cell activation. Ganciclovir anti-CMV prophylaxis after heart transplantation tracks with indications of reduced vasculopathy. Additionally, chlamydia pneumonia infection in heart transplant recipients is linked to CAV exacerbation. In pediatric heart transplant recipients, the presence of immune reactive adenovirus and other viral genomes in myocardial biopsies is correlated with early vasculopathy. Finally, loss of para-and sympathetic allograft innervation disturbs cardiac output [25] . Direct evidence that denervation contributes to long-term graft survival and/or CAV is quite limited. One study investigation showed that patients with observable vasculopathy exhibited lower degrees of re-innervation compared to those that did not [21] . Thus, CAV and associated inflammation likely also impede potential graft re-innervation, further limiting cardiac output.
Future research directions Strategies to ameliorate transplant arteriosclerosis may consider multiple levels of cell and molecular intervention. This includes prior to transplantation during organ storage, as well as after transplantation. An emerging area of interest is the field of immune metabolism. For example, immune cell activation is now accepted to integrate closely with cellular metabolic reprogramming. Acutely activated macrophages are frequently glycolytic, whereas macrophages that orchestrate inflammation resolution, and thereby may dampen CAV, rely more on oxidative phosphorylation [30] . Thus, pharmacologically altering the leukocyte Bdiet^has potential to selectively polarize the immune response [45] . For instance, metformin, 2DG, and a third drug to block glutamine metabolism led to significantly prolonged survival of skin and heart grafts [43] . Yet, another thought-provoking area is the role of microbiota, whose signals may affect systemic alloimmunity [1] . Taken together, heightened sensitivity of diagnostic approaches, as well as therapeutic roadmaps, will hinge on future basic research.
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